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Available online 24 April 2015AbstractOver the past several decades, technological advancement has grown increasingly dependent on new and advanced materials. Accelerating
the pace of new material discovery is thus critical to tackling global challenges in areas of energy, health, and security, for example. There is a
pressing need to develop and utilize high throughput screening technologies for the development of new materials, as material discovery has
fallen behind the product design cycles in many sectors of industry. This article describes techniques of high throughput combinatorial thin film
material growth and characterization developed over the past several years. Although being adopted in selected industries, combinatorial
screening technologies for thin film materials are still in their infancy. Caution must be exercised in selecting relevant combinatorial libraries and
extrapolating from small-scale deposition techniques to industrially relevant processes. There are tremendous opportunities in the field of
combinatorial discovery of thin film materials, as it enters its golden age along with the Materials Genome Initiative, which aims to change the
pathway of materials discovery.
© 2015 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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A great number of disruptive advances in technology over
the past century resulted from the discovery of new materials.
Furthermore, many of today's global challenges in energy,
health, and security will also require the discovery of new
classes of materials, including multi-component alloys and
artificially structured materials or composites that have
become known as advanced materials. It is becoming
increasingly clear that new materials will be a key driving
force behind a more competitive manufacturing sector and
economic growth. In response to this challenge, the Materials
Genome Initiative is a multi-stakeholder effort involving
several funding agencies in the USA [1]. It aims to accelerate* Corresponding author.
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creativecommons.org/licenses/by-nc-nd/4.0/).the pace of discovery of advanced materials, reducing the time
required to bring new materials to market by at least 50% from
the current 10e20 years.
While the Initiative is based on a strong computational and
modeling approach, it is recognized that effective models of
materials behavior can only be developed from accurate and
extensive sets of data on materials properties. Indeed, the
Initiative declares that “In the discovery stage it is crucial that
researchers have access to the largest possible data set upon
which to base their models, in order to provide a more com-
plete picture of a material's characteristics [1].” It is important
to understand how to best obtain such detailed data sets in the
context of advanced materials that can be highly complex both
in composition and structure.
In reality, the pace of new materials development remains
slow in virtually all industry sectors. The time frame for
bringing new materials to market is typically 10e20 years
from laboratory discovery to first practical use. Fig. 1 shows
examples of the time frame for a few widely used materialser B.V. This is an open access article under the CC BY-NC-ND license (http://
Fig. 1. Time frame of selected materials from initial research to market [2].
Fig. 2. Total number of experiments required to screen doped TiO2 as in-
dustrial photocatalysts.
Fig. 3. General procedures of high throughput material synthesis and char-
acterization, integrated with theoretical material theory and modeling, and
material database development [8,9].
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discovery to market is partly due to the time-consuming, trial-
and-error style repetitive synthesis and characterization ex-
periments that guide development. A frequently quoted
example is that of Thomas Alva Edison who, it is said, worked
through thousands of materials in searching for a light bulb
filament more than a century ago, giving rise to the term “an
Edisonian approach” to describe a linear process of materials
development.
In his search for a filament, however, Edison was restricted
to a relatively small number of materials, particularly
carbonized natural fibers [3]. In contrast, modern advanced
materials are often ternary, quaternary or yet higher order al-
loys. Furthermore, the properties of these materials are
frequently modified by the adjustment of, for example, crys-
talinity, mesostructure and layering schemes. The total number
of experiments needed to screen materials for modern day
applications, therefore, can be orders of magnitude greater
than a century ago. As an example, consider the discovery of
the photocatalytic splitting of water on a TiO2 electrode [4].
This ushered in a new era for heterogeneous photocatalysis
based on semiconductor materials, which has been a subject of
vigorous scientific research over the past 40 years [5,6]. In
addition to material composition changes through elemental
doping, however, variations in material synthesis also include
different synthesis processes such as precursor chemical se-
lection, reaction temperature and time. To illustrate the po-
tential scale of the problem, consider a thought experiment to
optimize a practical TiO2-based industrial photocatalyst for a
particular application. It is not unreasonable to expect to
search 50 codopants (to optimize absorption) and 30 co-
catalysts (to replace expensive platinum) at, for example, 5
and 3 different concentrations, respectively. In addition, pre-
cursor chemical selection can influence the end result, as can
reaction temperature and reaction time. Adding 2 precursors, 4
reaction temperatures and 2 reaction times to the experimental
matrix leads to 360,000 individual synthesis experiments as
shown in Fig. 2 even for this simple optimization matrix. This
is equivalent to about a thousand man-years of work if one
different material is synthesized and characterized every day.
To address this limitation the Initiative includes high
throughput combinatorial material synthesis technology that
has already found applications in industry. In particular, it
recognizes the need for further development of new highthroughput technologies to characterize relevant material
properties efficiently and quantitatively over a range of oper-
ating conditions and environments. Fig. 3 schematically il-
lustrates the general procedures of high throughput material
synthesis and characterization, integrated with theoretical
material theory and modeling and material database develop-
ment. Accelerating the fabrication and analysis loop is critical
for reducing the time to market for new materials. The focus of
this article is combinatorial thin film fabrication, first
demonstrated [7] in 1995, which is among the most mature
high throughput material synthesis technologies that have
yielded new functional materials for a number of applications
[8,9].
2. High throughput combinatorial thin film synthesis
Combinatorial synthesis of chemicals was developed in the
mid-20th Century by Merrifield for the synthesis of peptide
chains; work which formed the basis for his Nobel Prize in
chemistry [10]. In the 1990s the synthesis technique was
extended to commercial applications for drug discovery. In
combinatorial chemistry, molecules are attached to a solid
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series of reactant solutions. The molecular building blocks are
initially protected by blocking moieties at all reactive sites. A
desired reaction between reactants in the solution and the
substrate on the bead can then be controlled by deprotecting
the relevant sites in the correct order. By sequentially sepa-
rating and dividing a distribution of beads into a matrix of
reactant solutions, it is possible to synthesize a large library of
structurally-related molecules in a relatively short time. In
concept, this is a relatively simple process since the aim is
only to synthesize the correct chemical structure. Some,
although not all, combinatorial methods have shown value for
the discovery of new pharmaceutical compounds [11].
With advanced materials, however, combinatorial libraries
can potentially be vastly more complex. The correct chemical
structure may be a starting point, but variations in the crystal
structure, surface functionalization, and (for porous or nano-
structured materials) the mesostructure can critically impact
the performance of an advanced material. In this paper, we
focus on the combinatorial synthesis of thin film optoelec-
tronic materials, illustrating both the potential and some of the
pitfalls of high throughput techniques for advanced materials.
Combinatorial thin film synthesis was developed almost
twenty years ago [7]; it has since been utilized for screening
materials for applications such as high critical temperature
superconductors and phosphors [12]. Combinatorial thin film
material synthesis is best exemplified by a parallel integration
of thin film fabrication process in the form of spatially
addressable arrays of samples, as schematically shown in
Fig. 4(a). The core of the method is spatially selective depo-
sition to create individual combinatorial material libraries
using a combination of designed masks to delineate growth
regions with different compositions. It thus allows hundreds of
individually separated thin film samples to be synthesized in
each fabrication cycle. The first-generation combinatorial thin
film fabrication systems, however, were not capable of
growing thin films with the high crystalline quality required
for narrow or wide band-gap semiconductors in a high
throughput fashion. This is largely due to the more critical
requirement of in situ and post-growth crystalline qualityFig. 4. (a) Combinatorial thin film material synthesis exemplified by a parallel in
arrays of samples. (b) High throughput semiconductor thin film material screeningcontrol for thin film semiconductors in order to achieve the
desired properties. Equally challenging is the lack of high
throughput tools to measure compositional, structural, optical,
and electrical properties of semiconductor thin films grown in
a combinatorial library.
We developed a second-generation high throughput
combinatorial semiconductor thin film growth and character-
ization platform [8,9], with improved control over crystalinity
by controlling the substrate temperature both during and after
deposition. We also developed a number of high throughput
semiconductor thin film property characterization tools,
dedicated to making and screening semiconductor thin film
materials for targeted applications. As illustrated in Fig. 4(b),
the high throughput material screening process started with the
fabrication of a semiconductor material library of an array of
individually separated thin films. The composition of each
individual thin film material in the library was measured,
followed by measurement of the band-gap. Some of the ma-
terials in the library were found to have the desired band-gap
value for the targeted application, thus down selection was
made for the next step, which was to characterize the transport
properties of the material. After carrier mobility and lifetime
measurements, a set of candidate semiconductor materials was
selected for further examination.
For our combinatorial thin film fabrication system, a series
of four masks with self-similar patterns (Fig. 5(a)) were used
for making 256 individual materials, each a few hundred
nanometers thick, into a 16  16 matrix in a single thin film
fabrication experiment. Applying masks sequentially, thin film
materials can be selectively deposited in self-similar patterns
of quadrants on the substrate, and 44 different samples can be
obtained in a library if four different precursor target materials
are used for each mask run, thus there are 4  4 growth steps
for each growth experiment. In situ heating was applied to
ensure the quality of the thin films, while post-growth
annealing under vacuum or in a selected gas background
was used when necessary.
The semiconductor material libraries are fabricated by
pulsed laser-assisted epitaxy method in a vacuum of ~1.33 
106 Pa. As illustrated in Fig. 5(b), multiple precursor targettegration of thin film fabrication process, in the form of spatially addressable
process (down selection) [8,9].
Fig. 5. (a) A set of four quaternary self-similar masks used for growing thin film material libraries each consisting of 256 different samples on a single substrate. (b)
Schematic design of the combinatorial semiconductor thin film growth system consisting of three chambers. (c) Photo of a combinatorial semiconductor thin film
library grown on a quartz substrate.
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deposition process to provide composition variations in the
material libraries. An excimer laser operating at a wavelength
of 248 nm, pulse energy on the order of 1 J, and a repetition
rate of 10 Hz is used for vaporizing the prefabricated target
materials. The resulting library consists of 256 thin film ma-
terials each having an area of 800 mm  800 mm, deposited on
a quartz or single crystal silicon substrate. Laser epitaxy has a
number of advantages over other thin film fabrication tech-
niques, such as vaporization at relatively low temperature,
maintenance of stoichiometry of the target material in
deposited films, and flexibility toward alloying using multiple
target precursors. To achieve homogeneous thin films in a
sequential multi-target deposition process, the substrate has to
be maintained at an elevated temperature to ensure optimized
diffusion, whereas each deposition is limited to yield a
thickness of approximately a monolayer. Fig. 5(c) is photo of a
combinatorial semiconductor thin film library grown on a
quartz substrate.
3. High throughput combinatorial thin film
characterization
Characterization of semiconductor thin film libraries in a
high throughput fashion is the key to realizing the full po-
tential of the combinatorial thin film material discovery
technology. We developed a number of high throughput thin
film characterization techniques for measuring composition,
microstructure, electronic band-gap, and carrier mobility and
lifetime of thin film material libraries.
Fig. 6(a) shows schematically the principles of high
throughput thin film composition and microstructure charac-
terization. The composition and microstructure of the material
on each semiconductor thin film library are determined by an
integrated micro-beam X-ray fluorescence (XRF) anddiffraction (XRD) system operated in a two-dimensional
automatic scanning mode. Fig. 6(b) shows an example of
color-coded material compositions (relative concentration of
Ce) from a thin film metal oxide library made from indium
oxide, tin oxide, zinc oxide, zirconium oxide, and cerium
oxide targets, which may find applications visible-light
transmitting solar-heat reflective films.
With the second-generation combinatorial material dis-
covery technology, we have also explored a number of thin
film semiconductor materials for applications ranging from
transparent conducting oxides to room temperature radiation
detection. For example, we fabricated and characterized a
number of material libraries based on oxide, telluride, and
selenide semiconductors for gamma- and x-radiation detec-
tion. For these detectors, which are important to medical, in-
dustrial, security and laboratory applications, current
technology uses cadmium zinc telluride (CZT), which directly
converts X-ray or gamma-ray photons into electrons. Unlike
silicon and germanium detectors, CZT can operate at room
temperature and has a higher resolution than commercially
available scintallators. In order to achieve this, a semi-
conductor material must have an appropriate band gap to
ensure low radiation detector leakage current. Furthermore,
the product of the carrier mobility and charge carrier lifetime
must be high to allow efficient charge collection. Finally, el-
ements with high atomic number (high Z) or large neutron
absorption cross-section are desired. It is, however, difficult to
produce high quality crystalline CZT that has the desired
carrier transport properties due to, for example, large size
differences of atoms. To search for a possible replacement, we
created a ternary library of Ga, Ag and Te. We used GaTe and
elemental Ag2Te targets in the system described above to
generate a library of GaxAgyTe1-x-y materials for rapid char-
acterization, where the typical growth temperature was 650 C
with overnight annealing at 500 C.
Fig. 6. (a) Schematic illustration of high throughput composition and microstructure characterization based on micro-beam X-ray fluorescence and diffraction. (b)
Example of color-coded thin film material compositions (relative concentration of Ce) from a thin film oxide library.
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commensurate with the deposition speed, we also designed
two high-throughput tools to measure the bandgap, carrier
mobility and charge carrier lifetime. To measure the optical
band-gap, the transmittance (T ) and reflectance (R) of indi-
vidual materials on the thin film library deposited on a quartz
substrate were recorded simultaneously using a scanning
micro-beam optical spectrometer shown schematically in
Fig. 7. The absorption coefficient, a, was calculated ac-
cording to, a ¼ (1/d )ln[T/(1R)2], where d is the thickness
of the thin film material. The optical band gap was then
calculated from the dependence of a on photon energy.
Fig. 7(a) shows schematically the technique of high
throughput optical characterization (optical transmission),Fig. 7. (a) Schematic illustration of high throughput band-gap characterization ba
oxide thin film library.
Fig. 8. (a) Schematic illustration of thin film material transport property characte
mobility data plot of a sulfide thin film material library.and Fig. 7(b) is an example of band-gap measurement for an
oxide thin film library.
For charge carrier (electrons and holes) transport proper-
ties, particularly the carrier mobility (m) and lifetime (t), we
devised an ultrafast photo-induced charge probing method to
measure m and t of the library. Two co-planar electrodes were
deposited on the sides of each sample in the thin film material
library via evaporation. When two computer-controlled
conductive probes are in contact with the deposited elec-
trodes, a circuit loop is formed. As the thin film is irradiated by
an ultraviolet femtosecond laser pulse (100 fs, 266 nm), a
transient photocurrent is produced and recorded by the digital
oscilloscope. The charge collection transient as a function of
bias voltage can be fit to a model with the charge carriersed on optical transmission. (b) Example of color-coded band-gap map of an
rization based on ultrafast pulsed laser excitation. (b) An example of carrier
Fig. 9. Band gap measurement of GaAgTe with varying concentration of Ga
and Ag, measured in a single experiment from a combinatorial library.
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[9]. Fig. 8(a) illustrates schematically the semiconductor
transport property characterization approach based on ultrafast
pulsed UV laser excitation. Fig. 8(b) shows carrier mobility
data plot of a sulfide thin film material library.
In the x-radiation detection library, we found that certain
compositions of GaAgTe yielded suitable electronic band gaps
(between 1.9 and 2.4 eV) as shown in Fig. 9. Downselecting
the appropriate subset of materials with the correct bandgap,
we found that some compositions also have good electron
mobility-lifetime product values (on the order 104 cm2/V),
comparable or better than that of CdZnTe crystals currently
used in radiation detection industry [9]. Further optimization
of these compositions by exploring the dimensions of substrate
temperature and growth rate is the subject of ongoing
investigation.
We caution, however, that the properties of thin films grown
using techniques such as laser-assisted epitaxy or pulsed laser
deposition, while ideal for building combinatorial libraries, are
not always replicated by thin films of identical composition
grown by more scalable techniques such as chemical vapor
deposition or magnetron sputtering. This is of particular
concern in the field of thin film electronic devices, where small
difference in thin film morphology can cause significant de-
viations in device performance. For example, a range of
compositions of ZnO doped with Ga was previously investi-
gated [13] as a potential transparent conducting anode for
organic light emitting devices (OLEDs). The aim here was to
find replacements for indium tin oxide (ITO); replacing the
expensive and limited abundance In with lower cost, more
abundant materials for high volume applications such as solidFig. 10. Summary of electrical properties for TCO anodes andstate lighting. Indeed, compositions of Ga:ZnO were found
from a pulsed laser deposition library which formed anode
contacts to OLEDs with an external quantum efficiency and
operating voltage as good as or better than commercially
available ITO. The composition with 2% doping of Ga gave
particularly good results (Fig. 10). However, deposition of
films of identical composition over large areas by rf-
magnetron sputtering did not produce working OLEDs. The
reasons for the differences, likely due to film microstructure or
interfacial properties, will be the subject of future
investigations.
4. Conclusions
By developing combinatorial thin film material fabrication
and characterization methodology, we have been utilizing
combinatorial material screening approach to new materials
discovery featuring a deliberate and systematic high
throughput exploration of the composition-structure-property
relationships of new thin film oxide, telluride and selenide
materials. Recent development of a second-generation
combinatorial semiconductor discovery technology has
enabled the creation of arrays of individually addressable thin
film materials with the possibility of controlling film growth
conductions such as temperature and background pressure,
which would benefit to a greater range of applications.
The high throughput thin film growth and characterization
approaches discussed in this overview article are important
new tools. Firstly, they enable rapid screening of new prop-
erties in a parallel “hyper-Edisonian” approach, as illustrated
by the selection of a GaAgTe composition as a candidate for
radiation detection. Here, high-throughput characterization
tools, capable of quickly scanning a library for one or more
desired physical properties, are just as important as high-
throughput synthesis. Secondly, they can generate extremely
large data sets from multiple, systematically varying parame-
ters. Such data is critically important for validating computa-
tional results from multi-scale models. Effective models of
material behavior can only be built on accurate and extensive
sets of experimental data of materials properties, rapidly
populating material property databases, validating key pre-
dictions, and extending the range of validity and reliability of
the models. This is a key objective of the Materials Genome
Initiative.
For applications requiring particular bulk optical properties,
combinatorial synthesis is indeed an ideal discovery tool. For
advanced optoelectronic or catalytic applications, where
interfacial chemistry and mesostructure can dominate func-
tionality, current generations of combinatorial synthetic toolsresultant OLED transport properties. Data from Ref. [13].
91S.S. Mao, P.E. Burrows / Journal of Materiomics 1 (2015) 85e91are still inadequate to fully explore materials space and some
degree of linear investigation remains necessary. In particular,
thin films deposited using one technique may not mirror the
properties of films with the identical chemical composition
deposited using another, more scalable technique. This reflects
the extreme complexity of advanced materials, and gives
motivation to explore further developments in the field.
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